Background: Transforming growth factor-beta (TGF-b) induces the epithelial-to-mesenchymal transition (EMT) leading to increased cell plasticity at the onset of cancer cell invasion and metastasis. Mechanisms involved in TGF-b-mediated EMT and cell motility are unclear. Recent studies showed that p53 affects TGF-b/SMAD3-mediated signalling, cell migration, and tumorigenesis. We previously demonstrated that Nox4, a Nox family NADPH oxidase, is a TGF-b/SMAD3-inducible source of reactive oxygen species (ROS) affecting cell migration and fibronectin expression, an EMT marker, in normal and metastatic breast epithelial cells. Our present study investigates the involvement of p53 in TGF-b-regulated Nox4 expression and cell migration.
Transforming growth factor-beta (TGF-b) is a pluripotent cytokine with dual tumour-suppressive and tumour-promoting effects. During tumour progression, transformed cells become unresponsive to the tumour-suppressive effects of TGF-b and respond with tumour-promoting effects by undergoing changes in morphology leading to increasing cell mobility, invasion, and metastasis (Xu et al, 2009; De Craene and Berx, 2013) . Transforming growth factor-b has been considered a master regulator of the epithelial-to-mesenchymal transition (EMT). Transforming growth factor-b-induced transcriptional changes convert adherent polarised epithelial cells to a migratory mesenchymal phenotype associated with organ development as well as tumour progression (Valcourt et al, 2005; Tian et al, 2011) . Interestingly, recent reports indicate that wild-type P53 (WT-p53) and mutant p53 proteins can cooperate with TGF-b signalling to co-regulate genes involved in both TGF-b tumour-suppressive and tumour promoter pathways, respectively (Dupont et al, 2004; Adorno et al, 2009; Termen et al, 2013) .
The tumour suppressor p53 acts primarily as a transcription factor responsible for inducing target genes that are responsible for apoptosis. p53 is the most commonly mutated gene in many cancers with over 50% of tumours expressing an inactive tumour suppressor protein. These mutations reside primarily within the DNA-binding domain that may produce a dominant-negative effect or an acquired tumour-promoting gain of function (Vousden and Prives, 2009) . Recently, Cordenonsi et al (2003) demonstrated that WT-p53 can synergise with TGF-b-activated SMAD2/3 to promote cell cycle arrest and apoptosis. In contrast, Adorno et al (2009) demonstrated how mutated p53 affects the switch between TGF-b acting as a tumour suppressor to a tumour promoter whereby mutant p53/SMAD complexes work together to promote tumour cell migration and metastasis.
Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase that has an important role in linking integrin receptors to intracellular signalling pathways involved in cell adhesion, migration, and invasion (Zhao and Guan, 2009) . Focal adhesion kinase is the primary link between extracellular matrix-activated integrin receptors and intracellular signalling pathways involved in transcriptional up-regulation of mesenchymal and invasive markers (Thannickal et al, 2003) . Previous studies have shown that TGF-b-induced activation of FAK is essential for EMT progression and tumour metastasis (Luo and Guan, 2010) . Interestingly, recent studies have demonstrated that TGF-b as well as mutant p53 expression can enhance FAK promoter activation, mRNA, and protein levels (Cicchini et al, 2008; Walsh et al, 2008) . Moreover, FAK overexpression and p53 mutations are highly correlated in human breast cancer (Golubovskaya et al, 2009) .
Transforming growth factor-b induces cellular reactive oxygen species (ROS) in many cell types. Increased ROS have been primarily associated with cytotoxicity and apoptosis; however, studies have revealed the importance of ROS as regulators of signalling pathways and gene transcription involved in EMT progression, cell migration, and metastasis (Cannito et al, 2010) . Reactive oxygen species are signalling mediators acting through multiple mechanisms including cysteine oxidation and inhibition of protein tyrosine phosphatases, activation of redox-sensitive transcription factors (NFk-B, p53, and AP-1), and oxidation of cytoskeletal proteins involved in cell motility (actin, cofilin, and vimentin) (Allen and Tresini, 2000; Fratelli et al, 2002; Chiarugi and Cirri, 2003; Kwon et al, 2004; Boivin et al, 2010; Frijhoff et al, 2013; Leoni et al, 2013) . Previous studies have reported a correlation between increased ROS production and tumour progression (Wu, 2006) . Intracellular ROS-generating sources include NADPH oxidase enzymes (Nox family), mitochondria, xanthine oxidase, and nitric oxide synthase (Thannickal and Fanburg, 2000) .
The ROS-generating enzymes in the Nox family (Nox1-5 and Duox1-2) are critical mediators of redox signalling. Previous studies have indicated that NADPH-oxidase-dependent ROS production can alter cell motility or potentiate metastatic progression (Schroder et al, 2007; Sadok et al, 2008 Sadok et al, , 2009 Shinohara et al, 2010; Leoni et al, 2013) . Of the seven Nox enzymes, Nox4 is unique in being induced by TGF-b. Transforming growth factor-b-induced Nox4 has been implicated in osteoblast differentiation, fibroblast proliferation, endothelial cell cytoskeletal rearrangement, cell motility, EMT, pulmonary fibrosis, and hepatitis C virus-induced hepatocyte oxidative stress (Hu et al, 2005; Li et al, 2008; Boudreau et al, 2009; Amara et al, 2010; Carnesecchi et al, 2011; Mandal et al, 2011; Boudreau et al, 2012) . Nox4 is a 578 amino acid, six transmembrane domain flavocytochrome that functions by transporting electrons from cytosolic NADPH across biological membranes to oxygen producing ROS. Geiszt et al (2000) first described Nox4 in the kidney, but Nox4 mRNA and protein expression have been detected in other human and murine tissues including bone, vascular tissue, heart, liver, and lung (Cheng et al, 2001; Hilenski et al, 2004; Yang et al, 2004; Sturrock et al, 2006 Sturrock et al, , 2007 Kuroda et al, 2010) . Although TGF-b is a regulator of Nox4 in many tissues susceptible to fibrosis and tumorigenesis, little is known about the mechanisms involved.
Previously, we reported Nox4 as the primary source of TGF-b-SMAD3-induced ROS in normal and metastatic breast epithelial cells (Boudreau et al, 2012) . We demonstrated how Nox4 functions as a critical mediator of EMT-related events including cell mobility and fibronectin gene regulation. Here we demonstrate that WT-p53 and mutant p53 can differentially regulate Nox4 expression and activity. We found that WT-p53 suppresses while cancer-associated mutant p53 (R175H and R280K) proteins enhance Nox4 expression in both TGF-b-dependent and independent processes. Moreover, we show that mutant p53 and Nox4 are necessary for TGF-b-mediated FAK activation and migration of human breast and lung epithelial cells.
MATERIALS AND METHODS
Cell culture. Human lung epithelial H1299 (p53-null), immortalised human breast epithelial MCF-10A (p53-WT), and human metastatic breast epithelial MDA-MB-231 (p53-R280K) cell lines were obtained from the ATCC (Rockville, MD, USA). H1299 cells were maintained in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (HyClone/Thermo Scientific, Logan, UT, USA) and 100 mg ml À 1 of penicillin-streptomycin. MCF-10A cells were maintained in Dulbecco's minimal essential medium/F12 (DMEM/F12; Invitrogen) supplemented with 5% horse serum (Sigma, St Louis, MO, USA), 500 ng ml À 1 hydrocortisone (Sigma), 20 ng ml À 1 EGF (R&D Systems, Minneapolis, MN, USA), 100 ng ml À 1 cholera toxin (Sigma), 10 mg ml À 1 insulin (Sigma), and 100 mg ml À 1 of penicillin-streptomycin (Invitrogen). MDA-MB-231 cells were maintained in DMEM (Invitrogen) supplemented with 10% fetal bovine serum and 100 mg ml À 1 of penicillin-streptomycin. All cells were grown in a humidified atmosphere of 5% CO 2 and 95% air at 37 1C. In some experiments, cell cultures were treated with 10 mM 616451 (EMD Millipore, Billerica, MA, USA), a TGF-b receptor I-specific inhibitor, or 10 mM SIS3 (Sigma), a SMAD3-specific inhibitor.
Plasmids. Vectors encoding full-length human Nox4 (GenBank accession number NM_016931) and truncated, dominant-negative Nox4 (Nox4-DN; residues 1-305) were generated using cDNA subcloned into pcDNA3.1. pCMV-p53-R175H and p53-R280K were generated from pCMV-p53-WT expression vector (Clontech, Mountain View, CA, USA) by site-directed mutagenesis. All constructs were verified by automated DNA sequencing (Macrogen, Rockville, MD, USA).
Transient transfections. H1299 and MCF-10A cells were transfected with Fugene 6 (Roche, Indianapolis, IN, USA) using manufacturer's protocols. Briefly, 2.5 Â 10 5 cells were seeded in six-well tissue culture dishes (BD Biosciences, San Jose, CA, USA) 24 h before transfection. Transfection mixtures were incubated at RT for 20 min in serum-free RPMI-1640 (H1299) or DMEM/F12 (MCF-10A) and then added dropwise to cells. MDA-MB-231 cells were transfected with Lipofectamine 2000 (Invitrogen) according to manufacturer's protocols. Briefly, 2 Â 10 5 cells were seeded on six-well plates 24 h before transfection. The transfection mixtures were incubated at RT for 20 min in serum-free DMEM and added dropwise to cells containing serum-free medium. After 4 h, the medium was changed to DMEM containing serum.
siRNA-mediated gene knockdown. To knockdown endogenous p53 in MDA-MB-231 and MCF-10A cells, we used Dharmacon ON-TARGETplus SMARTpool siRNA TP53 (Dharmacon, Lafayette, CO, USA; L-003329-00-0005) or non-targeting control siRNA (D-001810-01-05; Dharmacon). DharmaFECT4 transfection reagent was used to transfect siRNAs according to manufacturer's protocols. The cells were transfected at a density of 1 Â 10 4 cells per millilitre with a siRNA concentration of 50 nM and incubated in antibiotic-free complete medium for 72 h before harvesting. Nox4 siRNA was also purchased from Dharmacon (ON-TARGETplus SMARTpool siRNA Nox4 (L-010194-00-0010)) and transfected as described above.
ROS detection. Kinetic ROS detection measurements were performed by chemiluminescence in 96-well plates at 37 1C over a 45-min time course using a Luminoskan luminometer (Dharmacon) as previously described (Boudreau et al, 2009) . Briefly, B2.5 Â 10 4 cells were collected by trypsinisation and washed twice with Hank's balanced salt solution buffer (Invitrogen) by centrifugation. SOD3-sensitive superoxide production was measured using Diogenes reagent (National Diagnostics, Atlanta, GA, USA). Extracellular H 2 O 2 was measured by a luminol/ HRP-based chemiluminescence assay.
RNA isolation and cDNA synthesis. Total RNA from H1299, MDA-MB-231, or MCF-10A or cells was extracted from cells with Trizol (Invitrogen). One microgram of total RNA was used for Thermoscript RT-PCR. Both were conducted according to manufacturer's protocols (Invitrogen).
Quantitative real-time PCR. Gene expression was quantified by real-time PCR using an ABI Prism 7500 RT-PCR System (Applied Biosystems, Foster City, CA, USA). One microgram of total cellular RNA was reverse transcribed with ThermoScript RT-PCR kit (Invitrogen). SYBR Green PCR mix (Invitrogen) was used to detect mRNA expression. Primers designed to detect human Nox4, Fibronectin, and GAPDH were used as previously described (Boudreau et al, 2012) . Results are described as relative quantification 2 À ( À DDCt) . GAPDH was used as an internal control for normalisation.
Antibodies and immunoblotting analysis. Total cell lysates were processed for western blotting as previously described and probed with the following antibodies: rabbit monoclonal anti-Nox4 (UOTR1B493) (Abcam, Cambridge, MA, USA); mouse monoclonal anti-p53 (clone DO-1; Santa Cruz Biotechnology, Dallas, TX, USA); rabbit monoclonal anti-phospho-SMAD3 (clone EP823Y; Abcam); rabbit polyclonal anti-phospho-SMAD2 (no. 3101; Cell Signaling, Beverly, MA, USA); rabbit monoclonal anti-SMAD3 (clone EP568Y; Abcam); mouse monoclonal anti-SMAD2 (no. L16D3; Cell Signaling); rabbit monoclonal anti-phospho-FAK (Y576; Invitrogen); rabbit polyclonal anti-FAK (no. 3285; Cell Signaling); (rabbit polyclonal anti-GAPDH (Trevigen); and mouse monoclonal anti-V5 (Invitrogen) antibodies.
Matrigel assay. Briefly, cells were seeded and transfected with plasmid DNA or siRNA as described above, then trypsinised and washed 24 h (plasmid DNA) or 48 h (siRNA) later. Approximately, 1.5 Â 10 5 transfected cells were seeded in upper chambers of six-well BD Biocoat Matrigel transwell culture plates (BD Biosciences) and incubated with lower chambers containing complete medium with TGF-b (5 or 10 ng ml À 1 ). After 24 h, non-migrating cells were scraped away and migrating cells were stained with Diff Stain (IMEB, San Marcos, CA, USA). Invading cells were counted from 10 random fields. Matrigel experiments were repeated three times.
Immunostaining. MDA-MB-231 or MCF-10A cells were seeded 3.0 Â 10 4 per chamber of a Lab-Tek no. 1.5 borosilicate eightchamber coverglass (Thermo Fisher Scientific, Rockville, MD, USA) 24 h before transfection. Cells were transfected with GFP to mark transfected cells in addition to Nox4-DN totalling 0.5 mg DNA per chamber. Chambers were treated with 10 ng ml À 1 TGF-b 24 h post transfection for an additional 24 h. Cells were then fixed in 4% paraformaldehyde, permeabilised with 0.2% Triton X-100 in TBST, and blocked overnight at 4 1C in TBST supplemented with 5% BSA and 5% normal goat serum. After blocking, cells were incubated either with rabbit anti-pY576 FAK antibody (1 : 2000), rabbit monoclonal anti-Nox4 (1 : 1000), or mouse monoclonal anti-p53 (1 : 5000) for 1 h, washed and subsequently incubated with goat anti-rabbit Alexa Fluor conjugates (1 : 200). Nuclei were counterstained with DAPI (Life Technologies -Molecular Probes, Grand Island, NY, USA) for 5 min. Images were collected on a Zeiss LSM 780 confocal laser scanning fluorescence microscope using Zen 2010 software (Carl Zeiss Microscopy, Thornwood, NY, USA).
Statistical analysis. Data are represented as the means ± s.d. of the results of at least three independent experiments. Student's t-test was used to calculate significant values. Significant values are indicated as *P-valueo0.05, **P-valueo0.01, or ***P-valueo0.001.
RESULTS
Wild-type p53 expression suppresses TGF-b-induced Nox4 in H1299 human lung epithelial cells. To investigate whether TGF-b-mediated Nox4 expression was subject to transcriptional regulation by p53, we transfected p53-null H1299 lung epithelial cells with WT-p53 followed by TGF-b treatment for 24 h. We found that WT-p53 expression inhibited the induction of Nox4 mRNA by TGF-b ( Figure 1A ). Similarly, Nox4 protein levels were suppressed in cells transfected with WT-p53 either in the absence or in the presence of TGF-b ( Figure 1B ). The overexpression of WT-p53 did not induce cell death or have an affect on the activation of the TGF-b/SMAD3 pathway as measured by SMAD3 phosphorylation. We used Nox4-specific siRNAs to knockdown endogenous Nox4 to evaluate the specificity of the Nox4 antibody. Using this approach, we detected a single protein band B59 kDa that was specifically reduced following Nox4 siRNA treatment in either the presence or the absence of TGF-b ( Figure 1C ).
Next, we found that transfection of WT-p53 also suppressed TGF-b-induced oxidase activity. To qualify the source of ROS induced by TGF-b, H1299 cells were transfected with a dominantnegative form of Nox4 (Nox4-DN). The Nox4-DN lacks the C-terminal FAD and NADPH-binding domains required for enzymatic activity. We and others have shown that overexpressing Nox4-DN in different cell types significantly inhibits endogenous Nox4 oxidase activity (Mahadev et al, 2004; Boudreau et al, 2009; Mandal et al, 2011; Boudreau et al, 2012; New et al, 2012) . We found that the Nox4-DN significantly reduced TGF-b-stimulated extracellular superoxide production (Btwo-fold less vs vector treated) observed in the absence of WT-p53. Overexpression of WT-p53 also inhibited TGF-b-mediated superoxide production p53 regulates Nox4-dependent cell migration( Figure 1D ). Interestingly, H 2 O 2 was unaffected by TGF-b treatment or WT-p53 expression, indicating that the Nox4-mediated extracellular superoxide detected by this assay occurs at the plasma membrane and is a relatively small component of total cellular ROS ( Figure 1E ). We also found that increasing amounts of transfected WT-p53 expression alone had a dose-dependent suppressive effect on Nox4 protein expression (data not shown). These results indicate that expression of WT-p53 has a repressive effect on TGF-b-dependent and TGF-b-independent Nox4 protein levels.
Overexpression of mutant p53 supports TGF-b induction of Nox4 in human lung epithelial cells. The correlation between aberrant p53 and TGF-b signalling associated with increased migration and metastasis in many cancers prompted us to evaluate the effects of mutant p53 on TGF-b induction of Nox4. To do this, we generated two different mutant p53 proteins p53-R175H and p53-R280K. p53-R175H is commonly found in p53-associated tumours, whereas R280K is endogenous to the human breast epithelial cell line MDA-MB-231, a widely-used breast cancer cell model. These missense mutations are within the p53 DNA-binding ) for 24 h. Human Nox4-and GAPDHspecific primers were used for PCR amplification of total cDNA reverse transcribed from cells (n ¼ 3). Results are described as relative quantification of Nox4 mRNA relative to vector untreated expression using GAPDH as an internal control for normalisation. Inset shows immunoblot analysis of p53 protein expression in H1299 cells transfected with vector alone or p53-WT plasmids. (B) Nox4 protein is downregulated by p53-WT expression. H1299 cells were transfected and treated as described in A. Forty micrograms of total cell lysate were analysed by western blotting. The immunoblot was probed sequentially with antibodies against Nox4, p53, phospho-SMAD3, and total SMAD3. (C) H1299 cells were transfected with non-targeting control or SMARTpool Nox4-specific siRNAs (50 nM) for 72 h, and either left untreated or treated with TGF-b (5 ng ml
) for an additional 24 h. Nox4 protein expression was analysed by western blotting. Immunoblots were probed with anti-Nox4 followed by anti-GAPDH antibodies. (D) H1299 cells were transfected with vector alone or p53-WT or co-transfected with dominant-negative Nox4 (Nox4-DN) cDNA. Twenty-four hours after transfection, cells were treated with TGF-b (5 ng ml À 1 ) for 24 h. Cells were collected and assayed for superoxide production with superoxide-specific Diogenes reagent for 1 h (n ¼ 3, in triplicate). (E) H1299 cells were transfected with either vector control or p53-WT plasmids and treated with TGF-b as in D and collected and assayed for H 2 O 2 production with luminol/HRP (n ¼ 3, in triplicate). Significance values are indicated as *P-valueo0.05, or ***P-valueo0.001.
domain, considered as a 'hot spot' for cancer-associated TP53 mutations (Strano et al, 2007) . First, we investigated Nox4 mRNA expression in H1299 p53-null human lung epithelial cells transfected with p53-WT, p53-R175H, p53-R280K, or control vectors with or without TGF-b treatment for 24 h. Consistently, control cell treatment with TGF-b resulted in a robust increase in Nox4 mRNA. Nox4 mRNA was also upregulated in cells expressing mutant p53, either in the absence (p53-R175H, B2-fold; p53-R280K, B10-fold) or in the presence of TGF-b stimulation (p53-R175H, B30-fold; p53-R280K, B40-fold) (Figure 2A ). In contrast, TGF-b induction of Nox4 was significantly reduced in the WT-p53-transfected cells compared with the control and p53-R175H-or p53-R280K-transfected cells. Interestingly, the p53 mutant proteins caused enhanced Nox4 protein levels either in the absence or in the presence of TGF-b, indicating a TGF-b-independent positive regulation of Nox4, whereas WT-p53 retained its repressive effect on TGF-b-induced Nox4 protein ( Figure 2B ). The magnitude of Nox4 protein induction observed after 24 h of TGF-b treatment was limited in comparison with Nox4 mRNA changes, suggesting significant differences in Nox4 mRNA and protein synthesis and turnover rates, consistent with reported Nox4 responses to other inducers that differentially affect Nox4 mRNA and protein levels (Peshavariya et al, 2009b) . We found that TGF-b-induced SMAD3 phosphorylation was not affected by the expression of either WTp53 or mutant p53. To determine the effect of p53 on TGF-b and Nox4-dependent superoxide generation, we co-transfected H1299 cells with Nox4-DN or control vector along with WT-p53 or mutant p53. Both p53-R175H and p53-R280K caused increased Nox4-dependent oxidase activity (i.e., sensitive to Nox4-DN) in cells treated with TGF-b ( Figure 2C ). In contrast, WT-p53 expression diminished TGF-b-mediated Nox4 oxidase activity comparable to cells that were untreated or cells that expressed inactive Nox4-DN.
Several reports suggest that some aberrant p53 proteins drive cell migration and tumour metastasis (Adorno et al, 2009; Muller et al, 2011) . Therefore, we used the Matrigel migration assay to measure the influence of p53 on TGF-b-stimulated, Nox4-dependent cell migration. H1299 cells transfected with WT-p53 inhibited TGF-b-induced cell migration ( Figure 2D ). Although the p53-R175H mutant overexpressing cells responded to TGF-b simulation similar to control, cells expressing p53-R280K responded with a significant increase over vector treated cells (vector/TGF-b vs p53-R280K/TGF-b, Po0.05). When co-transfected with Nox4-DN, cells failed to migrate in response to TGF-b stimulation, further supporting a critical role for Nox4 in human epithelial cell migration.
Previously, we demonstrated Nox4-mediated regulation of fibronectin mRNA in normal and metastatic breast epithelial cells undergoing TGF-b-stimulated EMT (Boudreau et al, 2012) . Nox4 has also been implicated in fibronectin expression in the diabetic kidney and lung epithelial cells (Gorin et al, 2005; Hecker et al, 2009) . Fibronectin is a well-known TGF-b/SMAD3 target gene upregulated in cells during EMT (Maschler et al, 2005; Chen et al, 2013) . In a previous report, WT-p53 was shown to transcriptionally repress fibronectin expression in Hela cells (Iotsova and Stehelin, 1996) . To further substantiate p53 in TGF-b signalling and EMT gene expression, we examined the effect of WT and mutant p53 on TGF-b-induced fibronectin expression in H1299 cells. We observed that WT-p53 repressed TGF-b induction of fibronectin mRNA compared with empty vector or p53-R280K-transfected cells ( Figure 2E ). Treatment with the TGF-b receptor-1-specific pharmacological inhibitor (616451) or SMAD3-specific inhibitor (SIS3) abolished TGF-b-driven fibronectin and Nox4 mRNAs in vector and p53-R280K-treated cells, indicating a TGFb/SMAD3-dependent mechanism ( Figure 2F ). Together, these data imply that mutant forms of p53 (R175H and R280K) support higher TGF-b-stimulated Nox4 mRNA and protein expression, subsequent oxidase activity as well as cell mobility, whereas WTp53 suppresses all of these effects. Moreover, TGF-b and mutant p53-mediated Nox4 and fibronectin mRNAs are upregulated in a SMAD3-dependent manner.
Endogenous mutant p53 (R280K) is a regulator of TGF-binduced Nox4 in MDA-MB-231 metastatic breast epithelial cells. We reported that TGF-b-dependent migration of MDA-MB-231 breast epithelial cells involves enhanced Nox4 expression and oxidase activity (Boudreau et al, 2012) . MDA-MB-231 is an aggressive metastatic cell line in which p53-R280K is endogenously expressed. Therefore, we wanted to confirm our findings of Nox4 induction by exogenous p53-R280K in cells expressing endogenous p53-R280K. Depletion of p53-R280K by p53-specific siRNAs substantially reduced both TGF-b-induced Nox4 mRNA and Nox4 protein expression ( Figure 3A and B) and impaired Nox4-dependent superoxide production ( Figure 3C ). In agreement with endogenous Nox4 protein in H1299 lung epithelial cells, MDA-MB-231 breast epithelial cells also express an B59-kDa Nox4 protein that is induced by TGF-b and suppressed by Nox4-targeted siRNA ( Figure 3D ).
Previously, we demonstrated that MDA-MB-231 cells expressing a Nox4-DN show reduced TGF-b-induced cell migration. In conjunction with our previous findings, substantially fewer MDA-MB-231 cells depleted of p53-R280K were migrated when stimulated with TGF-b ( Figure 3E ). To further confirm that Nox4 is modulated in a TGF-b/SMAD3-specific manner, we treated MDA-MB-231 with either TGFBR1-(616451) or SMAD3 (SIS3)-specific inhibitors, or vehicle (DMSO) followed by TGF-b stimulation. Inhibition of TGFBR1 or SMAD3 significantly reduced Nox4 protein and mRNA expression ( Figure 3F and G) . Collectively, these data indicate that endogenous mutant p53 (R280K) contributes to TGF-b-mediated Nox4 expression, oxidase activity, and cell motility in human breast cancer cells.
Mutant p53-R280K can overcome WT-p53 repression of Nox4 expression and cell migration in normal human mammary epithelial cells. To better understand the basis of WT-p53 repression of Nox4, we used MCF-10A cells, an immortalised human breast epithelial line that expresses endogenous WT-p53. Previously, we showed that TGF-b induces Nox4 in this cell model (Boudreau et al, 2012) . First, we overexpressed WT-p53, p53-R175H, or p53-R280K to determine whether mutant p53 could overcome the repressive effect of endogenous WT-p53. We included cells overexpressing WT-p53 in these experiments, as MCF-10A cells exhibit relatively low expression of WT-p53. Remarkably, transfection of p53-R280K potentiated TGF-b transcriptional induction of Nox4 ( Figure 4A ). The endogenous Nox4 protein detected in the two previous cancer cell models (p53-null H1299 and the p53-R280K-expressing MDA-MB-231) was an B59-kDa species that was TGF-b-inducible and sensitive to Nox4 siRNA. Interestingly, we found that the normal MCF-10A breast epithelial cell line produces a Nox4 protein with a slightly higher apparent molecular mass of B65 kDa ( Figure 4B ), which is close to theoretical predictions for the full-length Nox4 sequence. The Nox4 cDNA transfected into MCF-10A also exhibited an apparent molecular mass of B65 kDa ( Figure 4B ), whereas heterologously expressed Nox4 produced the smaller species in H1299 and MDA-MB-231 (not shown). Previous studies have reported molecular masses of Nox4 protein by western blot analysis ranging from 55 to 80 kDa (Shiose et al, 2001; Hilenski et al, 2004; Hwang et al, 2005; Martyn et al, 2006; Ago et al, 2010) . The Nox4 amino-acid sequence contains a putative N-terminal signal peptide cleavage site as well as predicted glycosylation sites that could account for the smallest and largest molecular weight species, respectively (Cheng et al, 2001; Martyn et al, 2006; Bedard and Krause, 2007) . Thus, the variable molecular masses may be because of p53 regulates Nox4-dependent cell migration BRITISH JOURNAL OF CANCER post-translational modification of Nox4 depending on cell types, or normal vs transformed cell phenotypes.
As shown in Figure 4C , siRNA-mediated depletion of WT-p53 leads to enhanced Nox4 protein levels in both the absence and in the presence TGF-b, thus further supporting the effects of WT-p53 as a negative regulator of Nox4. These data indicate that both mutant p53 proteins can override the effects of endogenous WT and potentiate TGF-b induction of Nox4. Forty micrograms of total cell lysate were analysed by western blotting. The blot was probed sequentially with antibodies against Nox4, p53, phospho-SMAD3, and total SMAD3. (C) H1299 cells were transfected with vector alone, p53-WT, p53-R175H, or p53-R280K, and co-transfected with either vector control or dominant-negative Nox4 (Nox4-DN) plasmids. Twenty-four hours after transfection, cells were treated with TGF-b (5 ng ml . After 24 h, the migrating cells were fixed, stained, and counted from 10 random fields (n ¼ 3). (E, F) H1299 cells were transfected with vector control, p53-WT, or p53-R280K. After 24 h, the cells were treated with 616451 (10 mM), a TGF-b receptor I-specific inhibitor or SIS3 (10 mM), a SMAD3-specific inhibitor for 4 h before treating with TGF-b for 20 h. Fibronectin-(E) or Nox4 (F)-specific primers were used for real-time quantitative PCR amplification of total cDNA reverse transcribed from cells. Results are described as relative quantification relative to vector untreated control. GAPDH-specific primers were used as an internal control (n ¼ 3, in triplicate). Significant values are indicated as *P-valueo0.05, **P-valueo0.01, or ***P-valueo0.001. 
p53 regulates Nox4-dependent cell migration BRITISH JOURNAL OF CANCER
In an alternative approach, we treated MCF-10A cells for 24 h with increasing concentrations of Nutlin-3, an antagonist that stabilises p53 by preventing its interaction with and degradation by HDM2 E3-ligase (Vassilev et al, 2004) . As demonstrated in Figure 4D , 10 mM Nutlin-3 was sufficient to protect endogenous WT-p53 from proteasomal degradation. In agreement with the effects of exogenous expression of WT-p53-reducing Nox4 protein, the enhanced stabilisation of WT-p53 correlated with reduced Nox4 protein levels. Furthermore, we observed an increase in TGF-b-mediated migration of p53-R280K-expressing MCF-10A cells, whereas overexpression of p53-WT reduced cell migration. Moreover, co-transfection with Nox4-DN reduced the number of ) for an additional 24 h (left panel). Control blots (right panels) detect a transfected Nox4 cDNA product of the same size. Immunoblots were probed with anti-Nox4 followed by anti-GAPDH antibodies. (C) MCF-10A cells were transfected with control siRNAs (50 nM) or p53-specific siRNAs (50 nM) for 72 h followed by treatment with or without TGF-b (10 ng ml À 1 ) for 24 h. Protein expression was analysed by immunoblotting 40 mg of total cell lysate and sequentially probed with antibodies against Nox4, p53, phospho-SMAD3, and total SMAD3. (D) MCF-10A cells were treated with 10 or 20 mM Nutlin-3 for 24 h. Protein expression was analysed by immunoblotting 40 mg of total cell lysate and sequentially probed with antibodies against Nox4, p53, and GAPDH sequentially. (E) MCF-10A cells were co-transfected with vector alone or Nox4-DN and p53-WT, or p53-R280K plasmids. Twenty-four hours post transfection, cells were re-seeded in the upper chamber of a Matrigel transwell and incubated with the lower chamber containing DMEM/F12 medium with TGF-b 10 ng ml À 1
. After 24 h, the migrating cells were fixed, stained, and counted from 10 random fields (n ¼ 3). (F) MCF-10A cells were treated with transfection reagent alone or transfected with control or p53-specific siRNAs. After 72 h, the cells were re-seeded in the upper chamber of a Matrigel transwell and incubated in the lower chamber containing DMEM/F12 medium with TGF-b 5 ng ml À 1 for 24 h. The migrating cells were counted from 10 random fields (n ¼ 2 in triplicate).
migrating cells, further confirming the role of Nox4 in TGF-bdependent cell migration ( Figure 4E ). Interestingly, siRNAmediated depletion of WT-p53 only minimally affected cell migration with or without TGF-b treatment, indicating that additional factors are involved in MCF-10A cell motility ( Figure 4F ).
Immunofluorescence staining of MCF-10A cells exogenously overexpressing p53-R280K revealed a striking induction of endogenous Nox4 protein ( Figure 5 ). We observed that Nox4 in the cells overexpressing p53-R280K localised to plasma membrane, perinuclear, and nuclear areas. Under sub-confluent conditions, the mutant p53-transfected cells co-stained with high Nox4 expression detected throughout spreading cells on migrating borders (upper panel). MCF-10A cells expressing p53-R280K within a confluent monolayer also co-stained with increased Nox4 in comparison with the surrounding un-transfected cells (lower panel). Taken together, these data indicate that repression of basal Nox4 by endogenous WT-p53 can be overcome by mutant p53 expression, and that p53-R280K overexpression causes increased Nox4 protein in migrating and non-migrating cells.
Mutant p53 (R280K) and Nox4 modulate of TGF-b-mediated activation of FAK. We, and others, provided evidence that Nox4 is involved in migratory processes of various cell types (Haurani et al, 2008; Meng et al, 2008; Pendyala et al, 2009; Nam et al, 2010; Boudreau et al, 2012) . Previous studies indicate that Nox4 is associated with cytoskeletal alterations and focal adhesion turnover in vascular smooth muscle cells (Hilenski et al, 2004; Lyle et al, 2009) . Focal adhesion kinase, a critical coordinator of signals involved in cell migration, invasion, and metastasis, is differentially regulated by p53 Golubovskaya et al, 2008 Golubovskaya et al, , 2009 ). Based on these findings, we examined whether Nox4 had a role in TGF-b and p53 regulation of FAK-Y576 phosphorylation, which is indicative of its activation (Zhao and Guan, 2009 ). We addressed this by overexpressing Nox4-DN or control vector in MDA-MB-231 cells. Twenty-four hours after TGF-b treatment, expression of Nox4-DN significantly reduced the amount of FAK-Y576 phosphorylation, suggesting that Nox4 oxidase activity is involved in FAK activation ( Figure 6A ). Next, we used p53-targeted siRNAs to diminish the expression of endogenous p53-R280K to evaluate its effects on FAK-Y576. We found that p53-R280K depletion decreased TGF-b-induced Nox4 protein and phospho-FAK levels ( Figure 6B ). Furthermore, immunofluorescent imaging of phospho-FAK in MDA-MB-231 cells co-transfected with Nox4-DN, and a GFP marker displayed similar results. Expressing Nox4-DN, indicated by GFP-marked cells, reduced the amount of TGF-b-induced phospho-FAK in comparison with neighbouring GFP-negative cells ( Figure 6C ). We observed similar effects on FAK phosphorylation in MCF-10A cells. Mutant p53-R280K increased FAK activity in the presence or in the absence of TGF-b, which was blunted by Nox4-DN ( Figure 6D) . Similarly, TGF-b-mediated Nox4-dependent phospho-FAK was increased in H1299 cells expressing p53-R280K and reduced in the presence of Nox4-DN ( Figure 6E ). Furthermore, Nox4-DN reduced phospho-FAK immunofluoresence in TGF-btreated H1299 cells ( Figure 6F ).
DISCUSSION
Our work presented here reveals that TGF-b-induced Nox4 is negatively regulated by WT-p53 in human lung tumour cells and in normal and tumour breast epithelial cells. The loss of this repressive function by mutant forms of p53 (R175H, R280K) is accompanied by enhanced Nox4-derived ROS, cell migration, and FAK activation, which further elucidate the invasive behaviour commonly associated with p53 mutations. First, we observed that overexpression of WT-p53 in p53-null cells (H1299) blunts TGFb-mediated Nox4 oxidase activity, Nox4-dependent cell migration, and FAK phosphorylation (Figures 1, 2 and 6 ). Conversely, normal epithelial MCF-10A cells depleted of endogenous WT-p53 by siRNA gene silencing showed an increase in basal Nox4 mRNA and protein expression (Figure 4) . Furthermore, MCF-10A cells treated with Nutlin-3, a MDM2 E3-ubiquitin ligase-specific inhibitor that arrests WT-p53 degradation, showed increased p53 stability, resulting in decreased endogenous Nox4 protein (Figure 4) .
Notably, common cancer-associated mutant p53 proteins, p53-R175H and p53-R280K, upregulated Nox4 in the presence modulation of EMT markers in a variety of cell types (Sturrock et al, 2006 (Sturrock et al, , 2007 Ismail et al, 2009; Bondi et al, 2010; Boudreau et al, 2012; Sancho et al, 2012; Chan et al, 2013; Hagler et al, 2013) . We recently identified Nox4 as a major source of TGF-b/SMAD3-induced superoxide production that functions as an important factor in cell migration and fibronectin gene regulation in normal and metastatic breast epithelial cells (Boudreau et al, 2012) . Our present study demonstrates how p53 status differentially impacts Nox4 activity in both normal WT-p53-expressing and metastatic mutant p53 (R280K)-expressing breast epithelial cell models. We also showed that expression of WT-p53 or mutant p53 differentially modulates Nox4 in H1299 p53-null lung epithelial cells. We observed that p53 can induce changes in Nox4 expression and downstream oxidase activities in both a TGF-b-dependent and TGF-b-independent manner. Furthermore, we found that mutant p53 and Nox4 are critical for TGF-b-mediated FAK phosphorylation and cell migration.
Transforming growth factor-b is a multifunctional regulatory cytokine that controls many aspects of cellular function, including cell proliferation, migration, apoptosis, and EMT progression. Epithelial-to-mesenchymal transition is a process where epithelial cells undergo transcriptional and morphological changes into mesenchymal-like cells with increased cell plasticity and mobility (Thiery et al, 2009) . Several groups have shown that TGF-b can induce EMT, but the mechanisms involved are not completely understood.
Several mechanisms in the cross-talk between TGF-b and p53 have been implicated in regulating EMT and metastatic progression. Adorno et al (2009) previously reported that TGF-b along with oncogenic Ras and mutant p53 work cooperatively in a SMAD2/3-dependent manner to promote cell migration, invasion, and tumour metastasis. They further demonstrated that p63, a member of the p53 family of transcription factors, antagonises TGF-b-mediated pro-metastatic effect.
The role of p53 as a master regulator of tumour suppression has been well established. In contrast to WT-p53, aberrant p53 proteins can lose their tumour suppressor functions and give rise to highly stabilised mutant proteins with an acquired gain of function participating in EMT and tumour progression (Oren and Rotter, 2010; Kogan-Sakin et al, 2011; Termen et al, 2013) . Most cancer-associated p53 mutations occur within the DNA-binding domain, rendering the proteins as defective tumour suppressors. Various p53 mutations have been linked to upregulation of genes involved in cell migration and proliferation, and downregulation of genes associated with growth inhibition and apoptosis (Kong et al, 2001; Coradini et al, 2012) . The precise mechanisms involved in TGF-b and p53 regulation of Nox4 warrants further investigation, as Nox4 has been associated with cell proliferation, as well as growth inhibition and apoptosis in a variety of contexts (Geiszt et al, 2000; Peshavariya et al, 2009a; Eid et al, 2010; Weyemi et al, 2011; Sancho et al, 2012; Koziel et al, 2013) .
Despite the efforts made to identify mutant p53-specific DNAbinding sites, the issues surrounding mutant forms of p53 as bona fide transcription factors remain controversial. Analyses of the promoter regions of some TGF-b/p53-responsive genes suggested the presence of overlapping p53 and SMAD regulatory elements were important for co-regulation (Sun et al, 1999; Wilkinson et al, 2008) . Others indicated that WT-p53 may work by an indirect mechanism such as binding to a co-repressor affecting enhancermediated gene repression (Ho et al, 2005) . Both SMAD2 and SMAD3 were shown to interact directly with p53 in vivo, and it was hypothesised that this interaction forms a bridge between an enhancer p53-binding site and a SMAD-binding element to regulate TGF-b-induced transcriptional repression (Cordenonsi et al, 2003; Adorno et al, 2009 ). Other reports suggest that p53-targeted genes may be downregulated by histone and promoter methylating enzyme recruitment in a p53-dependent manner, or that p53 may impede trans-activators from binding response elements within the promoters through protein-protein interactions or by competing for DNA binding (Murphy et al, 1999) .
Previously, we demonstrated that SMAD3 is a potent regulator of the human Nox4 promoter. We showed that TGF-b-induced Nox4 promoter activity was significantly reduced by SIS3, a SMAD3-specfic inhibitor, and that expression of constitutively active or dominant-negative forms of SMAD3 substantially induced or inhibited Nox4 promoter activity, respectively (Boudreau et al, 2012) . It is possible that either WT or mutant p53 serves as a transcriptional co-regulator of Nox4 mRNA, where it functions in forming a complex with other regulators of transcription such as SMAD3. Alternatively, mutant p53 could function as a transcription factor itself by binding to non-canonical p53-response elements within the Nox4 promoter. This report provides evidence that Nox4-derived ROS is required in cancer cell mobility particularly when functional WT-p53 has been disrupted or suppressed. Considering that gene transcription is a process that requires the coordination between multiple factors and co-factors, it is likely that other transcription factors, co-activators, and co-repressors are involved in p53 regulation of Nox4. Whether the Fibronectin expression Cell mobility (migration/invasion) Figure 7 . Wild-type p53 (WT-p53) and mutant p53 differentially regulate Nox4 expression in both TGF-b-dependent and independent mechanisms. Wild-type p53 suppresses basal Nox4 and TGF-binduced Nox4 expression, whereas mutant p53 (R175H and R280K) positively regulates or enhances the TGF-b/SMAD3 effect on Nox4. Expression of mutant p53 alone can upregulate Nox4 mRNA and protein expression. The downstream effects of Nox4-dependent ROS contributes to increased fibronectin mRNA, phosphorylation and activation of FAK, and subsequent cell migration and invasion. This pathway can be inhibited with specific chemical inhibitors to TGF-b receptor-1 and SIS3, or overexpression of Nox4-DN can diminish TGF-b-induction of these events. Moreover, depletion of endogenous WT-p53 by siRNA increases Nox4 expression, whereas depleting endogenous mutant p53-R280K reduces Nox4 expression. Collectively, Nox4 is a mediator of pro-migratory events downstream of TGF-b and mutant p53, and thereby acts as an attractive target for managing or suppressing metastatic disease.
p53 regulates Nox4-dependent cell migrationDNA-binding domain of p53 is needed for direct DNA binding to the Nox4 promoter, or if the interaction of p53 with other proteins such as SMAD3 is required to repress Nox4, is currently under investigation.
Our present study provides additional insight into Nox4-and redox-dependent mechanisms involved in FAK activation facilitated by TGF-b and mutant p53. Previous reports implicated Nox4 in cytoskeletal remodelling and focal adhesion turnover (Lyle et al, 2009) . Focal adhesion kinase is a non-receptor cytosolic protein tyrosine kinase that integrates growth factor and integrin signals to promote cell migration and metastasis (Zhao and Guan, 2009 ). Transforming growth factor-b has been linked to FAK activation and subsequent upregulation of mesenchymal and invasiveness markers Cicchini et al, 2008) . Golubovskaya et al (2008 Golubovskaya et al ( , 2009 ) recently reported that WT-p53 binds to the FAK promoter and inhibits its transcriptional activity, whereas mutant p53 promotes FAK expression. Furthermore, they reported a correlation between increased FAK expression in breast cancer tumours with p53 mutations. Recent studies have described Nox and redox-dependent regulation of cell migration involving FAK in other contexts and by other agonist (Schroder et al, 2007; Sadok et al, 2008; Shinohara et al, 2010; Leoni et al, 2013) .
In conclusion, we emphasise that TGF-b and p53 have a critical role in regulating Nox4-dependent cell signalling and motility. As p53 has been established as a SMAD2/3 transcriptional co-factor downstream of TGF-b, we suggest a model in which mutant p53 cooperates with SMAD3 to enhance Nox4 transcription to promote subsequent Nox4 oxidase activity that participates in redox regulation of FAK activation and cell motility (Figure 7) . In contrast, but possibly in a mechanistically related process, WT-p53 protects epithelial cells from TGF-b-induced EMT and metastasis. A better understanding of the Nox4-activated signalling pathways involved in EMT and tumorigenesis may uncover new molecular targets for prevention or treatment of tumour progression and metastasis.
